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Abstract Yellow vein mosaic disease of okra is a whitefly
transmitted begomovirus causing heavy economic loss in
different parts of India. The okra isolate (OY131) of this
virus from a bhendi plant [(Abelmoschus esculentus L.)
Moench] showing yellow vein mosaic, vein twisting,
reduced leaves, and a bushy appearance in the Palem region,
New Delhi, India, was characterized in the present study. The
complete DNA-A and DNA-B sequences have been deter-
mined and are comprised of 2,746 and 2,703 nucleotides,
respectively. The betasatellite (DNA-f) component was
absent in the sample. The genome organization was typically
of biparite begomoviruses, which were characterized earlier.
Comparison of DNA-A component with other known
begomoviruses suggest that this virus, being only distantly
related (<85.9% similarity with its nearest relative,
BYVMYV) to other known begomoviruses, is a new species.
We have tentatively assigned the genome to a novel
geminivirus species Bhendi yellow vein mosaic Delhi virus
[BYVDV-IN (India: Delhi: okra)]. DNA-B showed highest
sequence identity (87.8% identical) to that of a TOLCNDV
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(AY158080). The phylogenetic analysis of the present iso-
late is distinct from all other viruses; however clusters with
ToLCNDV group infect different crops. The recombination
analysis revealed that this isolate has sequences originated
from ToLCNDV. This is the first known bhendi yellow vein
mosaic disease associated bipartite begomovirus from India.

Keywords Begomovirus - Recombination - Cloning -
Detection - Bhendi - Phylogenetic analysis

Introduction

Geminiviruses are small single-stranded circular DNA
plant viruses with distinctive twinned isometric particle
morphology of approximately 20 x 30 nm in size. Viruses
in the Begomovirus genus of the family Geminiviridae are
transmitted by the whitefly Bemisia tabaci (Gennadius),
and represent a major threat to many cultivated dicotyle-
donous plants. Begomoviruses can either have monopartite
or bipartite genomes. Bipartite begomovirus genomes
consist of two ssDNA molecules of approximately 2.6 kb,
referred to as DNA-A and DNA-B, with each component
being responsible for different functions in the infection
process. The genes on the A component are involved in
encapsidation and replication, whereas the genes on the B
component are involved in viral systemic movement, host
range determination, and symptom expression [1].
Recently, some satellite DNA molecules, known as DNA-f
or betasatellites, have been found associated with mono-
partite begomoviruses. Like DNA-B, these satellites
depend upon the DNA-A component for encapsidation,
replication, and insect-transmission [2-5].

Bhendi [Abelmoschus esculentus (L.) Moench], also
called as okra or lady’s finger, belongs to the family
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Malvaceae. Despite being an important Indian vegetable
crop that is grown extensively throughout the year in all
parts of the country, bhendi yields are quite low due to
infection by a number of diseases, of which viral diseases
are particularly important [6]. Among these viral diseases,
Yellow vein mosaic disease of bhendi (YVMD) (Fig. 1),
characterized by veinal clearing, chlorosis and swelling
coupled with slight downward curling of leaf margins,
twisting of petioles, and retardation of growth [7] has been
consistently reported in past few years from different parts
of India. The rise in importance of this disease has
emphasized the need, to properly determine its etiology.

Although an earlier report has indicated that YVMD is
possibly caused by betasatellit associated monopartite
begomoviruses [8], the begomoviruses associated with
YVMD of bhendi across large parts of northern India have
never been properly characterized. Cataloging the full
complement of species associated with a disease such as
YVMD is important, because in the past few years it has
become apparent that in many parts of the world such
disease are in fact caused by a diverse complex of different
begomovirus species [2, 9-17]. Such complexes and the
opportunities for mixed infections that afford a crucial
feature of begomovirus ecology for the inter-species
recombination seems to be a major driver of begomovirus
evolution. It was quite probable that, recombination during
the last 50 years has directly contributed to the emergence
of multiple new begomovirus diseases [18-22].

In the present study, we have characterized for the first
time a new recombinant bhendi bipartite begomovirus
species infecting bhendi which is different from previously
characterized monopartite begomoviral pathogens of
bhendi from India.

Materials and methods
Virus isolate and its maintenance

The leaf sample from bhendi plant exhibiting YVMD with
yellow mosaic and vein thickening symptoms (Fig. 1) was
collected from the Palem region, New Delhi, India, and
designated as Bhendi yellow vein mosaic virus
(BYVMV)-isolate OY131. The virus culture of this isolate
was established through grafting and whitefly transmission
and maintained on susceptible bhendi cultivar (cv. 1685)
by periodic transfer. The B. tabaci adults were used for
the transmission experiments which were initially col-
lected from horsegram [Macrotyloma uniflorum (Lam.)
Verdc.] from the Talagavara village, Kolar district, India,
and maintained in the laboratory on healthy cotton plants
(Gossypium hirsutum L. cv. Laxmi), for long enough to
insure they carried no unknown begomoviruses, after
which eggs were collected. The collected eggs were
allowed to hatch and a virus free colony was obtained and
maintained on healthy cotton plants in large wooden cages
(45 x 45 x 30 cm), covered with insect proof, galvanized
wire mesh (40-mesh size) at 30°C and 60% RH in a
controlled glasshouse. Adult non-viruliferous whiteflies
were given an acquisition access period (AAP) of 24 h on
leaves of infected plants and were then released onto
healthy test plants for an inoculation access period (IAP)
of 24 h unless otherwise specified. After this, plants were
sprayed with an insecticide and maintained under insect-
proof glasshouse conditions until symptoms were evalu-
ated. Samples from plants showing symptoms along with
infected samples collected from the field were utilized for
further analysis.

Fig. 1 Yellow mosaic and vein thickening symptoms exhibited by bhendi isolate OY131 under field conditions
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PCR and cloning of viral genome

Total nucleic acids were extracted from both healthy and
infected leaf tissues from whitefly inoculated samples from
the glasshouse and field collected samples by the cetyl tri-
methyl ammonium bromide method [23]. Full length gen-
omes BYVMV-0OY131 isolate were amplified using the
three sets of overlapping primers OY2395F 5'-GCT
CCCTGAATGTTCGGATGGA-3'/0Y680R5-GTTCTCR
TCCATCCATATCTTAC-3'; MKBEGF4 5'-ATATCTGC
AGGGNAARATHTGGATGGA-3/MKBEGRS5 5'-TGGAC
TGCAGACNGGNAARACNATGTGGGC-3'; and GEMA
1223F:5-GTCGGAGGSTGTAAGG TCGTCCAG-3'/GE
MA2454R:5-CTCACWTAYCHCAARTGCTCTC-3'spe-
cifically designed to DNA-A components and the primers
ToLCBD2081F 5-GCGTACTCWACGC GCTCAGAT
TG-3'/ToLCBD656R 5'-GTGTTTCACAGATTTCCTTAC
GCG-3', ToLCBD971F 5-GTGGCAGAACGCCACCAT
GAACG-3,ToLCBD2142R 5'-GCTGCGCG GCCAATAT
GTCAATAG-3'/ToLCBD971R 5-GTTCATGGTGGCGT
TCTGCAAC-3’, TOLCBD656F 5'-CGCGTAAGGAA ATC
TGTGAAACAC-3' designed to DNA-B by utilizing the
sequences of BYVMV, ToLCNDV, ACMV, and other
begomoviruses available in NCBI data bank. The PCR
reactions were carried out in a Gene Amp PCR system 9700
(PE Applied Biosystems, Foster City, CA, USA) thermo-
cycler. The total volume of the PCR reaction in each case was
25 ul (100 pmol DNA template, 1.5 U Tag DNA polymer-
ase, 25 mM Mgcl,, 2 mM dNTPs, and 25 pmol of each
primer).

The total number of amplification cycles given was 35
with initial denaturation at 94°C for 3 min and final exten-
sion at 72°C for 15 min. The cycling conditions were
denaturation at 94°C for 1 min, annealing at 55-58°C for
45 s, and extension at 72°C for 90 s. Similarly, attempts
were made to amplify betasatellite by PCR using universal
primers ($01/502) [24]. PCR products were electrophoresed
(1 h at 80 volts) on 0.8% agarose gel and viewed on a Gel
documentation system (Alpha Innotech, USA). Potentially
full-length amplification products of DNA-A and DNA-B
were cloned into the pTZ57R/T vector (Fermentas, Ger-
many) according to the manufacturer’s instructions. The
complete nucleotide sequence of DNA clones were deter-
mined using automated ABI PRISM 3730 DNA sequencer,
(Applied Biosystems) at Anshul Biotechnologies DNA
Sequencing facility, Hyderabad, Andhra Pradesh, India.

Detection for the presence of betasatellite DNA by dot
blot analysis

Betasatellite DNA of YVMD (Isolate OYnun acc.no
GU111991) was oligonucleotide primed and labeled with
DIG dUTP. The labeling was done in a total volume of

20 pl comprising of 12 pl of betasatellite DNA clone, 2 pl
of exo-resistant random hexanucleotide (Fermentas), 2 pl
of 10x Klenow buffer (Fermentas), 2 ul of dANTP (Fer-
mentas), 1 pl of digoxinin dUTP alkali stable (Roche
diagnostics), and 2 pl Klenow enzyme, E. coli (Fermentas).

Genomic DNA was spotted onto nylon membranes as
described by Boulton et al. [25]. Full length DNA- /3 probes
were used to detect betasatellite in DNA samples isolated
from filed samples and whitefly inoculated plants display-
ing typical YVMD symptoms. 5 pl of the DNA solutions
were spotted directly onto nitrocellulose membranes and
the DNA was fixed on to the membranes by ultraviolet
cross linking for 3 min. The pre-hybridization, hybridiza-
tion, and detection procedures were carried out according
to the protocol given in DIG High Prime DNA labeling and
detection starter kit II (Roche diagnostics). Nitroblue tet-
razolium (NBT) and X-phosphate based colorimetric
detection were used to visualize labeled spots.

Sequence analysis

The DNA-A and DNA-B component of nucleotide
sequences from bhendi were compared with selected be-
gomovirus sequences retrieved from GenBank (Table 1).
Pair wise sequence similarity matrixes were generated
using Bioedit Sequence Alignment Editor (version 5.0.9)
[26] and neighbor joining phylogenetic trees (with 1,000
bootstrap replicates and the P-distance nucleotide substi-
tution model) were generated using MEGA 5.0 [27].

Detection of recombination events

This was carried out using selected begomovirus sequences
previously reported from the Indian subcontinent. The
conflicting phylogenetics with signals’ potential indication
of recombination were detected using the program split tree
version 4.11.3 with default settings [28]. Further recom-
bination analysis to identify recombinants and their
recombination breakpoints was carried out using the RDP,
GENECOYV, Bootscan, Max Chi, Chimara, SiScan, and
3Seq methods implemented in the program RDP 3 [29].
Default RDP3 settings with a 0.05 P value cutoff with
standard Bonferroni correction for multiple testing were
used throughout.

Results
Transmission and maintenance
YVMD was successfully transmitted by whitefly B. tabaci

(Fig 2a) and grafting (Fig. 2b) from the field-collected
bhendi samples to bhendi cultivar (cv. 1685) rised in
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glasshouse and achieved 100 transmission. The infected
plants start producing symptoms within 10 days after
inoculation, which were similar to those observed in the
field infected plants (i.e., yellow vein symptoms and failed
to produce fruits).

Genome amplification, detection cloning, and genomic
organization of BYVDV

The complete sequence of begomovirus DNA-A and DNA-
B components from field samples as well whitefly inocu-
lated samples were amplified using six primer sets as
described above. This confirmed that BY VDV is a bipartite
begomovirus. However, attempts to amplify betasatellite in
both samples failed confirming its non-association with the
present virus isolate. In order to provide further evidence
for this, DNA blotting with DIG dUTP-labeled probes
specific to betasatellite was carried out. The results were
negative for the association of betasatellite in the infected
sample, and a strong positive signal was observed in the

+ve betasatellite clone (S1). Non-symptomatic samples
were negative for amplification of DNA-A, DNA-B, and
betasatellite components by PCR, and betasatellite in dot
blot hybridization.

Genome organization and sequence and phylogenetic
analysis of BYVDV DNA-A

The PCR amplified products of DNA-A and DNA-B were
cloned into pTZ57R/T vector and sequenced. At first, we
compared the sequences of field infected sample and
whitefly inoculated sample. The sequences obtained in both
the cases were identical with respect to both DNA-A and
DNA-B components of the virus, and therefore we con-
tinued with the representative sequences from these sam-
ples for further analysis. The sequence of the 2,746 nt long
DNA-A component was determined in both orientations
and deposited in GenBank under the accession number
FI515747. Analysis of the sequence indicates that the
organization of genes within the BYVDV is typically of

Fig. 2 Transmission of OY 131 isolate under glasshouse conditions.
Bemisia tabaci (a) and graft transmission (b)

Table 2 Features of the begomovirus isolated from okra plant

The collected isolate was subjected to transmission studies by whitefly

Component ORFS Start codon Stop codon Predicted size Predicted size Predicted
(nucleotide (nucleotide of ORFs (nt) of protein M, (kDa)
coordinates) coordinates) (no. of amino acids)

DNA-A AVl1(cp)* 282 1,055 774 257 28.95

V2 122 460 339 112 12.32
Rep 2,596 1,504 1,092 363 40.30
TrAP 1,607 1,155 453 150 16.50
REn 1,462 1,058 405 134 14.74
C4 2,438 2,136 303 100 11.00
C5 989 633 357 118 12.98
DNA-B NSP 445 1,251 807 268 30.80
MP 2,153 1,308 846 281 31.00

% Genes are indicated as coat protein (CP), replication-associated protein (Rep), transcriptional activator protein (7TrAP), and replication
enhancer (REn). The products encoded by ORFs V2, C4 and C5 have yet to be named
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old world bipartite begomoviruses (Table 2). When indi-
vidual predicted amino acid sequences for the different
inferred proteins of BYVDV were compared with other
begomoviruses, ORFs AV2 and AV1 were most similar to
those of ToLCNDV-Luffa (AM292302) and ToLCNDV-
AVT1 (AY428769), respectively, ORF AClwas most
similar to that of CLCuBV, and ORFs AC2 and AC3 were
most similar to those of Okra leaf curl virus (GQ245760)
and BYVMV-PK (AJ002453) (Table 3), respectively.
Overall the 227 nucleotide long IR of the BYVDV shared
<63.7% with its nearest relatives BYVMV and Bhendi
yellow vein India virus, 75.75 to 85.7% with Tomato leaf
curl new Delhi virus (ToOLCNDV), which are infecting okra
in India (the sequences are available in the data base).
Within the intergenic region, incomplete direct repeats of
an iteron sequence, GGTGT, was detected adjacent to the
TATA box, which is presumably the AC1 (or replication
associated gene) promoter.

When compared with homologous sequences from
selected Indian begomoviruses it was found to be <85.9%
identical with any other previously characterized DNA-A
component begomoviruses so for (Table 3). Phylogeneti-
cally, the DNA-A component is on a well-supported iso-
lated branch distinct from other known Indian

begomoviruses (Fig. 3a). Based on the present begomovi-
rus species demarcation criterion of <89% nucleotide
sequence identity [30], the BYVDV from bhendi is a dis-
tinct species, for which we propose the name Bhendi yel-
low vein Delhi virus (BYVDYV). Based on its sampling
location and host the isolate described here has been given
the additional descriptor [India: Delhi: Okra].

Genome organization and sequence and phylogenetic
analysis of BYVDV DNA-B

A compete nucleotide sequence of DNA-B was determined
to be 2,703, and submitted to GenBank under the accession
number HQ542082. The genome organization was similar
to that of previously described bipartite begomoviruses
predicted to encode two ORFs (Table 2). Despite the fact
that the BYVDV DNA-A component sequence is quite
divergent relative to those of other known begomoviruses,
the movement protein gene of the virus was very similar
(94% identical) to that of ToLCNDV [IN:Kar-
nal:OY81A:04] (GU112083) and its nuclear shuttle protein
gene was similar (97.5% identical) to that of TOLCNDV
[AM286435, (Table 4)]. These high degrees of similarity
were also observed for the full DNA-B sequence compared

Table 3 Pairwise percent of nucleotide identities between the genomic components and amino acid sequence identities of encoded genes from
the virus isolate OY131 with the components and genes of selected other begomoviruses available in the databases

Begomovirus Complete Intergenic ~ Gene (percentage amino acid sequence identity)®

sequence region

(percentage  (percentage AV2 CP Rep TrAP REn AC4 AC5

NSI) NSI)
BYVMYV [29] 81.1-85.9  455-63.7 41.3-62.8 79.3-84.0 80.9-93.9 84.00-92.6 87.3-95.5 47.0-99.0 83.0-94.0
BYVIV [23] 37.7-84.3  54.5-63.7  58.6-62.8 81.7-84.0 77.4-90.3 81.30-92.6 77.6-94.7 43.3-97.0 82.2-93.2
OELCuV [7] 75.6-772  51.6-52.0  56.1-57.0 66.7-68.8 83.4-91.1 82.0-90.0 858940 59.8-820 -
CLCuAV [2] 77.7-79.0  51.2-529  59.5-61.1 83.2-84.0 70.0-76.5 86.0-91.3 88.8-94.7 33.0-36.0 83.8-86.4
CLCuMV [9] 78.9-80.6  38.4-52.8  50.4-60.3 74.3-83.2 84.2-87.8 79.30-80.6 64.9-88.8 68.0-81.0 84.0-93.0
CLCuSV [4] 77.1-77.5  43.9-442 67.7-70.5 82.8-83.6 87.0-89.2 79.0-80.0 85.0-86.5 66.0-69.0 -
MeYVMV [12] 75.5-80.7  39.5-5.12  48.3-60.8 70.8-82.8 83.7-89.5 78.80-87.3 67.80-93.2 57.10-74.5 7.60-10.0
ToLCDNV-okra [4] 75.5-80.0  72.6-85.7  85.1-92.8 83.6-85.9 79.3-829 51.9-56.6 60.2-62.6 51-60.0 12.4-69.4
BYVMV-Pak301 [1] 81.9 50.8 60.3 82.4 87.3 90.6 95.5 72.0 80.5
OYVMV-[201] [1] 82.3 50.1 60.3 84.0 87.8 87.3 88.8 71.0 85.5
OLCuV-New Delhi [1] 85.7 53.0 59.5 82.4 90.9 92.6 95.5 10.0 93.0
CLCuRV [1] 79.0 453 60.3 774 87.0 79.3 83.5 68.0 -
CLCuBV [1] 80.9 435 57.8 83.2 92.5 83.3 82.8 97.0 61.8
ToLCNDV-AVTI1 [1] 769 71.6 93.7 85.6 73.0 53.3 61.0 36.0 -
ToLCNDV- 76.7 79.1 93.7 85.2 80.7 53.3 11.7 60.0 -

Chillipepper [1]

ToLCNDV-Luffa [1] 71.0 76.2 94.6 85.6 80.1 50.0 11.0 38.0 -

NSI nucleotide sequence identity

* Numbers of sequences from the databases used in the comparisons

® Gene names are as indicated in Table 2
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GU112074|BYVMVindia:Raichur:0Y56:2005
GU112075|BYVM VIn :Sonipat:0Y83:2005
GU112070|BYVMVindia:Raichur:0Y59:2005
GU112071|BYVMVindia:Tirupathi:OY99:2005
Phalaghat:OY138A:2006
Bhemarayanagudi:OY45:2005
aichur:0Y54A:2005
GU112068|BYVMVindia:Raichur:0Y54B:2005
GU112009|BY VIVIn: Tirupathi_OY98:2005

GU112078|BYVMVIndia:Delhi:OY133:2006
GU112079|BYVMVindia:Pandarahalli:OY167:2006
GU112062|BYVMVindia:Phalaghat:0Y07:2005
GU112063|BYVMVindia:New_Delhi:OY134:2005

GU112061|BYVMVindia:Sonipat:0Y93:2005
GU112058|BYVMVindia:Kaivara:OYKaivara1:2006
GU112053|BYVIVindia:Pandarahalli:OY168B:2006
GU112041|BYVIVIndia: Pandarahalli OY1 68A:2006

25

:Phalaghat_¢ OY03 2005
GU112051|BYVIVindia:Phalaghat:0Y01:2005
GU112055|BY VM Vindia:Phalaghat:0Y014:2005
L— GU112057|BYVMVindia:Kaivara:OYKaivara:2006
GU112065|BYVMVindia:Chintaman YCHINT :2006
GU112064|BYVMVindia:Bangalore:0Y34:2005
AF241479|BYVMV-Madurai
AJ002453|BYVMV-Pak301
GU1 12076|BYVMVindia:Karnal:OY79A:2005
GU112005|BYVMVindia:Guntur_OY112:2005
GU112006|BYVM Vindia:Sonipat_OY92B:2005
GQ245760|OLCuV-New_Delhi-2009
GU112077|BYVMVIndi arnal:OY80B:2005
GuU11 2080|BYVMVIndIa Coimbator:0YCO04:2005
83 onipat:EL12:2006
Bangalore:OYNun:2006
=Jal :0Y121:2006
GU112036|BY ViVindia:Pandarahalli:OY170:2006
GU112035|BYVIVindia:Hyderabad:OY65:2005
GU112033|BYVIVindia:Jalgov:0Y124:2006
EU589392|BYVMV.NOL751
GU112030|BYVIVindia:Aurangabad:OY164B:2006
GU112023|BY VIVindia:Dharwad_OYDWR2:2006
GU112028|BY VIVInd lalgov_OY125:2006
GuU11 YVIVIr 1 _OY1
GU112025|BYVIVindia:Kolkata OY66:2005

a1

100 - GU112042|BYVIVindia:Varapamatti:OY171:2006
AJ002451|OYVMV-201
r AJ002455|CLCuVA-802a
100 - AJ002452|CLCuUAV-804a_Pakistan
EU360303|MeYVBV-Bahraich:2007
FJ159267|MeYVMV-India:Kaisargunj:2008

FN552001|CLCuSV-Pk
FN5505|CLCuSV-Pk:

2
AY795606|CLCuRV.Abohar
EU365616|CLCuMV-APKRAJ09
FJ218486|CLCuMV-PK:Hirs-1:08
AJ002459|CLCuMV-Okra
FJ218487|CLCuMV-Pk:Mul:08
AY705380|CLCuBV

FN645922|MeYVMV

GU111999|OELCV-

FN552002|CLCuSV-Pk:SindhTjam:09
ndh_Shadadpur:09

dh_Shadadpur:09
FN552004|CLCuSV-Pk:Sindh_Shadadpur:09

DQ116882|ToLCNDV-chilipepper

B 100
7ZE AAJ620188|ToLCNDV-Pakistan:Solanum

26 AY150304|ToLCNDV-PkT1/8
A |ToLCNDV-P _Delhi

1 F[EAB330080|ToLCNDV.cucumber:ThaiIand
100 GU180096|ToLCNDV-OM
AAY150305|ToLCNDVINPK:Dar:T5/6:01
& ’_?U15017|TOLCNDV.Severe
AY939924|ToLCNDV-Luffa.IN
5 EF043233|ToLCNDV-PotatoHappur
?[ EF043232|ToLCNDV-Potato.Meerut
51 |70l AY158080|ToLCNDV-Potato
L— @ HQ542082|BYVDV[IN:New Delhi:0YB131:05]
—— GU112089|ToLCNDVIN:Aurangabad:0Y164A:06
EF408038|ToLCNDV.del25
AY190291|ToLCGV-Varanasi
X89653|ToLCNDV-Lucknow
AJ875158| TOLCNDV-SevereJessore
EF620535|ToLCNDV-Luffa.Pk
AY438563| TOLCNDV.AVT1
EF043394|ToLCNDVIN:Udapur:0Y142:05
GU112083|ToLCNDVIN:Karnal:0Y81A:04
GU112087|ToLCNDVIN:Guntur:0Y136B:06
AM992534|ToLCPaV
EU547681|ToLCKeV.Jiroft:cantaloupe
AF509740|LOYMV
AY184488|SqLCCV.Pumpkin_:Coi
[ AJ575821|SLCMV-Ker4
100 - AJ314738|SLCMV.Colombo
EU914818|OkMoV.Brazil:okra
AF230375|EACMV-Ugandal
AF126803|ACMV/Ug//Svr
® 100 — AJ439059|MYMV-Vigna_KA21
100 AY271894|MYMIV.Akola
100 DQ865203|MYMV-Namakkal
100 - AF262064|MYMV-VignaKA27

100| 100

100

100 1 GU112002|OELCVIN:Munthal-EL38:2006
GU112001|OELCV-IN:Munthal-EL39:2006

GU112000|OELCVIN:Sonipet-EL32:2006
._MunthalEL41:2006
GU111998|OELCVIN:Munthal-EL37:2006
GU111997|OELCVIN:Sonipet-EL14:2006
GU111996|OELCVIN:Sonipet-EL10:2006
N:Bongaon:07

w FJ345399|MeYVMV-IN:Haringhata:07
FJ3 YVMV-IN:Barr €:07

e2:06

YVMV-

FJ159263|MeYVMV-

71 | FJ159265|MeYVM V-
FJ159264|MeYVMV-

@ FJ515747|BYVDIN:NewDehli:OY1310Y131:05

N:Haringhata:08
FJ159262|MeYVMV-IN:Bongaon:08

100
EF432372|MeYVMV.Barrackpore2
Coochbehar:08

77 igunj:08
65 FJ159266|MeYVMV-IN:Balurghat:08

Delhi:|

 TOLCNDVIr

AY428769|ToLCNDV-AVT1

Y16421|ToLCNDV-Lucknow

EF035482|ToLCNDV.Okra

Fig. 3 Phylogeny of complete nucleotide sequences of DNA-A
(a) and DNA-B (b) of Bhendi yellow vein delhi virus (OY131 isolate)
with other related begomoviruses. The tree was generated using the
Neighbor-joining method in MEGAS. Horizontal distances are

Curiously, the

with other bipartite begomoviruses.
BYVDV DNA-B was most similar (87.8%) to that of a
ToLCNDV (AY158080) isolated from Potato in New Delhi
(Fig. 3b). Since the sample from which BYVDV was

@ Springer

DQ i
GU112082|ToLCNDV.IN:Karnal:0Y81A:04

GU112086|ToLCNDV.IN:Guntur:0Y136B:06
AM292302|ToLCNDV-MultanLuffa

EU309045|ToLCNDV-Chillipepper-Bahraich

GU112084|ToLCNDV.IN:Bangalore:0OY135:05
GU112088|ToLCNDV.IN:Aurangabad:OY164A:06

proportional to sequence distances, vertical distances are arbitrary.
The trees are unrooted. A bootstrap analysis with 1,000 replicates was
performed and the bootstrap percent values more than 50 are

numbered along branches

obtained had no associated betasatellite and its genomic
arrangement was identical to that of bipartite begomoviruses
with iteron sequence (GGTGT) identical to its DNA-A
component, it is very likely that BYVDV is a bipartite
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Table 4 Percentage identity of nucleotide sequences and amino acid sequences of different proteins encoded by DNA-B of BYVDYV with those

of other begomoviruses selected for the study

Begomoviruses Acc. no DNAB BV1 BCl1 IR

SLCMV-India [India:Kattukuda] AJ575821 41.5 36.4 57.3 40.3
SLCMV [SriLanka:Colombo:98] AJ314738 41.3 31.3 57.6 42.1
SLCMV [India:MuvattupuCha:04] AJ575820 42.0 38.2 56.9 40.3
ToLCPMV-[Jiroft:melon] EU547681 65.9 77.6 88.6 32.8
ToLCPMV[India: Himachal Pradesh:tomato:08] AM992534 66.4 77.2 90.3 29.3
ToLCNDV-Severe[Jessore] AJ875158 81.1 89.9 92.5 70.9
ToLCNDV-[Pakistan:Luffa:08] EF620535 83.2 87.1 85.2 82.7
ToLCGV-[India:Varanasi:01] AY190291 82.1 88.9 92.5 86.3
ToLCNDV [India:delhi:2006] del125 EF408038 81.6 82.9 91.8 85.9
ToLCNDV [india:Rajasthan:okra:07] EF043394 84.5 91.0 92.1 57.3
ToLCNDV [IN:Karnal:OY81A:04] GU112083 85.3 94.0 92.8 57.8
ToLCNDV [IN:Guntur:0Y136B:06] GU112087 85.3 93.5 91.8 62.3
ToLCNDV [IN:Aurangabad:0OY164A:06] GU112089 84.9 86.9 94.6 57.9
ToLCNDV [India:Sonepat:Luffa:05] AY939924 84.4 87.3 96.7 86.3
ToLCNDYV [India:New Delhi:Severe:92] ul15017 86.9 929 89.3 84.9
ToLCNDV-[PkT5/6] AY150305 85.8 93.2 96.7 88.2
ToLCNDYV [India:Meerut:Potato 12:02] AY158080 87.8 67.9 94.3 86.5
ToLCNDV [Pakistan:Solanum nigrum:97] AJ620188 81.7 72.3 93.5 87.3
ToLCNDV [India:Meerut:Potato:05] EF043232 86.9 92.5 93.9 78.6
ToLCNDV [India:Happur:Potato:05] EF043233 87.4 87.8 95.0 85.9
ToLCNDYV [Pakistan:Khalawal:Chili:04] DQ116882 82.3 91.7 95.3 61.8
ToLCNDYV [Pakistan:Islamabad:T1/8:00] AY150304 84.2 87.4 96.4 65.1
ToLCNDYV -[cucumber:Thailand:08] AB330080 81.7 86.1 94.6 63.9
ToLCNDYV [Tiwan: Cucumis melo:07] GU180096 79.8 88.0 93.2 84.0
ToLCNDV [Pumpkin:NewDelhi] AM286435 84.4 91.0 97.5 74.1
ToLCNDV [India:New Delhi:AVT1] AY438563 83.8 90.6 92.8 72.0
ToLCNDV [India:Lucknow] X89653 80.1 81.9 91.8 38.6
SQLCCV/[India:Coimbatore:Pumpkin] AY184488 60.2 70.8 88.9 52.7
LoYVMV-[Vietnam] AF509740 62.4 74.2 84.6 23.9
OKMV-[Brazil:okra:08] EU914818 37.7 27.7 42.1 29.2
MYMV-[India:Vamban:Vigna KA21] AJ439059 35.0 26.0 40.3 24.0
MYMIV-[India: Akola] AY27189%4 35.2 25.2 40.7 29.3
MYMV -[India:Namakkal B2:05] DQ865203 36.0 25.2 41.0 29.8
MYMV -[India:Vamban:Vigna KA27] AF262064 35.9 249 42.0 353
ACMV-[Uganda:Severe:97] AF126803 36.9 24.5 38.2 34.7
EACMV-Kenya [Uganda:1:97] AF230375 35.1 26.3 39.4 35.7

begomovirus. BYVDV therefore represents the first known
YVMD associated bipartite begomovirus.

Detection of recombination

The varying patterns of pairwise sequence similarity seen
for different genomic regions of BYVDYV suggest that this
virus is a recombinant. To test for the evidence of
recombination within the BYVDYV genome, the sequences
of DNA-A and DNA-B components from different

begomoviruses infecting malvaceous, solanaceous, cucur-
bits, and pulse species were retrieved from GenBank,
aligned together with BYVDV, and used to construct a
neighbor-network (using the program Splits-Tree version
4.11.3). Such networks are capable of graphically dis-
playing patterns of non-tree-like evolution such as those
expected in the presence of recombination. The neighbor-
network of both the DNA-A and DNA-B components
clearly substantiated evidence of phylogenetic conflicts
within the analyzed sequences, and indicated that nearly
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every sequence within the network had potentially been the
recipient of horizontally acquired sequences at some time
during their evolutionary past.

In order to further test for evidence of recombination
and characterize potential individual recombination events
within the BYVDV genome, we analyzed the sequences
with the computer program, RDP. These analyses provided
strong evidence for the presence of past recombination
events in both the DNA-A and DNA-B components of the
BYVDV sequence (Table 5). Specifically, they indicated
that the BYVDV DNA-A very clearly contains sequences
derived through recombination from Indian ToLCNDV-
like parent (p < 5.1 x 107%* for all six recombination
detection methods applied) and an Indian BYVMV-like
parent (p < 3.6 x 1072 for all six recombination detec-
tion methods applied). Although less obviously recombi-
nant, the analysis also revealed that the BYVDV DNA-B
was very likely derived through recombination among the
DNA-B components of different ToLCNDV DNA-Bs
(Table 5).

Discussion

In the tropics and subtropics, begomoviruses are emerging
as a major threat to the sustainable cultivation of many
economically important crop species [31]. These viruses
have very high mutation [32] and recombination [20] rates,
and display a remarkable degree of evolutionary adapt-
ability. Whereas new strains and variants are perpetually
generated through recombination within frequently occur-
ring mixed infections, associations with pathogenicity and
host-range modulating satellite molecules, human medi-
ated movements of viruses into new ecosystems and
movements of viruses into new species by polyphagous
invasive whitefly biotypes creating a complex adaptive
landscape with a rich variety of niches for begomoviruses
to fill [32, 33]. YVMD of bhendi is spreading rapidly
throughout India, affecting plants at all growth stages, and
resulting in plants yielding unmarketable fruits and clearly
a most serious of the newly emerging/reemerging
begomovirus-associated diseases in India [7, 34, 35].
Despite its importance, the etiology of YVMD across
much of India is unknown and has been shown to be
caused by betasatellite associated monopartite begomovi-
rus species. At least part of the reason for this is, most of
the begomoviruses that have been characterized so for
from malvaceous crops are monopartite and are associated
with a betasatellites and alphasatellites [2, 3, 5, 36, 37].
The exceptions to this have been the malvaceous species
infecting begomoviruses of the New World where it
appears that betastellites do not occur [38, 39]. It is dem-
onstrated here for the first time that at least one of the virus
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Table 5 Breakpoint analysis of DNA-A and DNA-B components and their putative parental sequences of BYVDV

Max Chi Chimera Si Scan 3Seq

GENECOV

RDP

Minor parent

Major Parent

Break point

begin-end

5114 x 10722 1356 x 1072 2280 x 1072 1.504 x 107>
2.842 x 107*

2.667 x 1072

4448 x 107>

ToLCNDV.[IN:Udapur:0Y 142:06]EF035482

CLCuAV-[802a]AJ002455

2503-630

DNA-A

1.577 x 1073

BYVIV[India:Bamanpura:0Y 150A:06] GU112038

BYVIV[India:Pandarahalli:

992-1260

OY168B:06]GU112053
ToLCNDV-[Lucknow] Y16421

BYVIV[India:Sonipat:EL12:

1.849 x 1072

5.549 x 1073

SiYVMV-Madurai AM259382

1613-1700
1522-1703

1.583 x 107>

1.701 x 1073

2358 x 107°

BYVMYV/[India:Phalaghat:0Y014:05]GU112055

06]GU112054
BYVIV[India:Pandarahalli:

1.049 x 107 6.451 x 107%°

2.969 x 1072¢

3.581 x 107

3.529 x 107*

2.685 x 107%

BYVMV/[India:Raichur:0Y59:05]GU112070

1721-2500

0Y170:06] GU112036
ToLCNDVIN[PK:Dar:T5/6]AY 150305

ToLCNDV-[Pumpkin:New

1333 x 10 7.676 x 10°® 4535 x 107> 4.240 x 1072

1.078 x 107°

ToLCNDV.[IN:Guntur:0Y136B:06] GU112087

ToLCNDV-Luffa.PKEF620535

218-280
567-952

DNA-B

1.083 x 1077 2250 x 1077 4517 x 107®  9.285 x 107"}

9.406 x 1072

Delhi]AM286435
ToLCNDV-[Potato]Happur EF043233

3.771 x 1072

7.051 x 1073

ToLCNDV.[IN:Udapur:0Y 142:06]EF043394

24172474
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species contributing to YVMD in bhendi is an efficiently
whitefly transmitted bipartite begomovirus that appears
most closely related among the currently classified Indian
begomoviruses to TOLCNDV.

The amplification of identical DNA-A and DNA-B
components and failure to amplify and detect betasatellite
in both field samples as well as whitefly inoculated glass-
house samples suggests that the virus is bipartite. In addi-
tion to this, the dot blot detection for the presence of
betasatellite also strengthens the evidence for the associa-
tion of DNA-B with the virus under present study ruling out
any probable chance contamination of the sample with
DNA-B. Further, if it was a contamination it would not have
picked up by the whitefly, which is a vector for spread of the
virus in nature. The analyses of sequences showed that
the iteron of both DNA-A and B are identical (GGTGT).
The recent report on recognition of iteron by Rep suggests
that, begomoviruses may tolerate some variation in iteron
sequences without deleterious effects on Rep recognition
[40]. However, in the present study, since the iteron of both
DNA-A and B components are identical and DNA-B was
recovered from whitefly inoculated sample without beta-
satellite contamination, if the above hypothesis holds good,
then in all probability the Rep should bind to the iteron of B
component with respect to BYVDV.

The DNA-A and DNA-B component of the virus has less
than 89% identity to any currently classified begomovirus
for which we have tentatively named as Bhendi yellow vein
Delhi virus [BYVDV-IN (India: Delhi: okra)], and classi-
fied as a new species [30]. At least part of the reason that the
BYVDV isolate characterized here does not closely
resemble any other begomovirus species is that, the
BYVDV DNA-A has likely arisen through at least two
separate recombination events between BYVMYV and ToL-
CNDV parental viruses. Although at least some of the
detected recombination breakpoints within the BYVDV
DNA-A and DNA-B are the near sites in the IR and the 3’
half of the C1 ORF which are known recombination hotspots
[12, 41]. One of the sites within the V1 ORF falls in a known
recombination cold-spot. Although the possibility remains
that the recombination event that generated the BYVDV
DNA-A essentially by introducing a ToLCNDV-like frag-
ment of C1, IR, and V2 ORF into a BYVMYV. The genomic
background might have provided BYVDV with an adaptive
advantage over its parents and contributed to its emergence,
this will need to be assessed further in laboratory studies.

In conclusion, these results show for the first time that a
previously unidentified recombinant bipartite begomovirus
is part of the complex of viruses that cause YVMD in
bhendi. The sequence of this virus can now be used to
design diagnostic techniques to identify its presence within
YVMD infected plants and should help in further epide-
miological studies of this disease. A rich diversity of

viruses infecting Indian bhendi is of concern, since this
situation undoubtedly increases incidences of mixed
infections and increases the possibility of yet more novel
recombinant viruses arising within this species. Together
with the already existing diversity of begomoviruses
infecting bhendi, such novel recombinants will probably
further undermine efforts to control the virus using trans-
genic or inbred resistance strategies.
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